Gene linkage and association studies have implicated the region of chromosome 10q containing the calcyon locus with attention deficit hyperactivity disorder (ADHD), bipolar disorder, and schizophrenia susceptibility. In addition, levels of calcyon protein and transcripts are also significantly increased in postmortem tissue from schizophrenic brains. But whether altered calcyon expression might be part of the disease etiology or merely a patho-physiological side effect is not known. To begin to address this issue, we generated a transgenic mouse line (Cal OE ) using the human calcyon cDNA in which calcyon expression is up-regulated in a number of forebrain structures including the hippocampus, prefrontal cortex (PFC), striatum, and amygdala. Compared to control littermates, the Cal OE mice display a range of abnormal behaviors including spontaneous hyperactivity, reduced anxiety, and/or impaired restraint (harm avoidance) that would indicate that calcyon up-regulation leads to deficits in control over behavioral output.
Introduction
Calcyon is a single transmembrane protein expressed in brain [1, 2] that has been linked to neuropsychiatric disorders such as schizophrenia in which expression of this protein is up-regulated in the prefrontal cortex (PFC) and thalamus [3] [4] [5] [6] . Recent molecular studies indicate that calcyon primarily interacts with clathrin light chain and enhances clathrin-mediated endocytosis (CME) [7] . But, whether or how altered calcyon expression might influence behavior is not known.
Polymorphisms in the calcyon gene are associated with attention deficit hyperactivity disorder (ADHD) [8] . Additionally, a genome wide linkage scan for loci influencing ADHD reported that the strength of association of a marker at 10q26, the cytogenetic position of the calcyon locus, significantly exceeded that of the DA transporter (DAT1), and the D4R (DRD4) [9] . Like severe neuropsychiatric disorders including schizophrenia and bipolar disorder, family, twin and adoption studies suggest that ADHD exhibits significant heritability, but the mode of transmission appears to be complex involving multiple susceptibility alleles, as well as environmental factors such as stress [10] . The challenge of pinpointing risk alleles for ADHD is further complicated by the likelihood that susceptibility involves inheriting alterations in multiple genes, and perhaps that different genes are causally related to different "subtypes" of the disorder. For example, inattention and impulsivity appear to be independent characteristics, and possibly two dissociable subtypes, of ADHD [11, 12] . Thus, although some genes may affect specific aspects of ADHD, others may be responsible for the common characteristics of the disorder. However, a major gap in the study of ADHD is a lack of transgenic animal models that fulfill a number of common criteria for modeling the disorder. Animal models are valuable in that they afford an intact system in which to study disease mechanisms at systems, neural, and molecular levels.
Here, we report the initial behavioral characterization of transgenic mice with up-regulated calcyon expression in fore-brain. These studies indicate that over-expression of calcyon in forebrain contributes to hyperactivity, increased exploratory activity, impaired restraint, and/or reduced anxiety. Given the genetic evidence for potential ADHD susceptibility alleles at the calcyon locus, our data suggest that the calcyon transgenic mice mimic some key behavioral features of ADHD.
Methods

Production of calcyon over-expressing mice
The linearized TRE-FLAG-hCalcyon (TRE-Cal) mini-gene was microinjected into pronuclei of fertilized F2 oocytes (resulting from a cross between CBA and C57Bl/6) by the Medical College of Georgia (MCG) transgenic core facility. Embryos were subsequently transplanted into the oviducts of pseudopregnant foster mothers, and progeny screened for germline transmission. Prior to carrying out the present studies, both the TRE-Cal and the ␣CamKII-tTA mice [13] (gift of Dr. T. Abel, U. Penn) were backcrossed to C57Bl/6 for eight generations. TRE-Cal/tTA (Cal OE ) double transgenic mice result from mating of TRE-Cal and ␣CamKII-tTA mice.
Immunohistochemistry and imaging
Fresh frozen half brains of each genotype were set together in a block of tissue freezing medium, sliced at 20 m thick coronal sections on a cryostat, captured on slides and kept at −80 • C until staining. Six slides from each block were selected from the prefrontal cortex, striatum and the medial portion of the dorsal hippocampus. The tissue was fixed in 2% paraformaldehyde at 7.4 pH for 5 min, washed in 2× SSC (pH 7.0), followed by 50:50% acetone-methanol at 4 • C for 5 min. The tissue was washed in 2× SSC + 0.05% Twin-20 and quenched in 2× SSC + 1% H 2 O 2 for 15 min. After blocking with TSA blocking buffer (PerkinElmer Life Sciences, Emeryville, CA), the slides were incubated with rabbit anti-calcyon antibody (1:100 [14] ) overnight at 4 • C. Incubation with the anti-rabbit biotinylated secondary anti-rabbit antibody (1:200, Vector Labs, Burlingam, CA) for 2 h at room temperature was followed by amplification with the Avidin + Biotin system (Vector Labs) for 45 min. The staining was visualized using the TSA fluorescence system CY3 (PerkinElmer Life Sciences). Additional slides were double labeled for calcyon/NeuN by first staining for calcyon and then incubating with mouse monoclonal biotin conjugated antiNeuN antibody (1:1000, Chemicon, Billerica, MA) overnight. The avidin-biotin amplified signal was revealed with CY5. The nuclei were counterstained with Sytox Green (Molecular Probes, Eugene, OR). No staining was detected in the absence of the primary or secondary antibodies.
Image stacks were collected with either a 10× or 20× objective on a fluorescent microscope equipped with an Apotome system (Zeiss, Thorwood, NY) from the medial prefrontal cortex (prelimbic area), the dorsal hippocampus, dorsal striatum and basolateral amygdala. Each region was identified on the basis of cytoarchitectonics and relative position to prominent landmarks, such as the midline, lateral ventricles, external capsule and rhinal fissue. Intensity of excitation illumination was set separately for each region and kept constant for all brain sections on a slide, ensuring that sections from the different genotypes were imaged with equal settings. The researcher performing the imaging was unaware of the genotype to which each brain section belonged.
Behavioral apparatus and testing
All behavioral tests were conducted by experimenters blind to genotype. Testing rooms were equipped with white noise generators (San Diego Instruments, San Diego, CA) set to provide a constant background level of 70 dB and ambient lighting of approximately 25-30 lux (lumen/m 2 ). Test subjects were housed in rooms with reverse light-dark cycle lighting (lights on/off, 6 a.m./6 p.m.), and handled daily for several minutes (each) for at least 1 week prior to experimentation. Animals were transferred (in their home cages) to the behavioral testing rooms each morning approximately 30 min before the beginning of experiments. All procedures employed during this study were reviewed and approved by the Medical College of Georgia Institutional Animal Care and Use Committee and are consistent with AAALAC guidelines. Measures were taken to minimize pain or discomfort in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) revised 1996. Significant efforts were also made to minimize the total number of animals used while maintaining statistically valid group numbers.
Mouse open field activity monitors (27.9 cm × 27.9 cm, Med Associates, St. Albans, VT) were used to measure locomotor activity. The following parameters were recorded for the 30 min test session: horizontal activity (horizontal photobeam breaks or counts), number of stereotypical movements, and vertical activity (vertical photobeam breaks).
In the light/dark box exploration test, the open field activity monitors described above were fitted with dark box inserts (which are opaque to visible light) to cover one-half of the open field area thus separating the apparatus into two zones of equal area (i.e., a brightly lit zone and a darkened zone). Desk lamps located above the activity monitors were used to provide an illumination level of approximately 1000 lux in the brightly lit zone, whereas the illumination level in the darkened zone was approximately 5 lux. The time spent and distance traveled in the light and dark zones of the apparatus were recorded for the 5 min test session.
The elevated plus maze consisted of two orthogonal closed (15 cm × 6 cm × 30 cm) and open (1 cm × 6 cm × 30 cm) arms forming a cross, with a quadrangular (6 cm × 6 cm) area located at the intersection. The maze was placed 50 cm above the floor and was made of black plastic. Each test lasted 5 min, and was initiated by placing a mouse on the center facing an open arm. The behavior of the animal was recorded with a video camera and later scored by two independent observers each blind to genotype. 
Statistical analyses
Statistical analyses were performed using Origin 6.0 (Microcal Software, Northampton, MA) or SigmaStat 2.03 (SPSS Inc., Chicago, IL). Paired t-test or two-way analysis of variance (with repeated measures when indicated) was used for all genotype comparisons. A Student-Newman-Keuls multiple comparison procedure was used to examine post hoc differences when indicated. Statistical significance was assessed using an alpha level of 0.05.
Results
Calcyon transgenic mice
Mice transgenic for the TRE-Cal mini-gene containing the human calcyon open reading frame (Fig. 1A and B) were mated with mice carrying the tetracycline transactivator (tTA) transgene driven by the ␣CamKII promoter [13] . The ability of ␣CamKII driven tTA to induce expression of TRE-FLAGhCalcyon was tested by immunocytochemistry using affinity purified antibodies that recognize human, but not rodent calcyon [3, 7, 14, 15] . Antibody labeling of brain sections indicated that the calcyon transgene is expressed in the TRE-Cal/tTA double transgenic mice (Cal OE ), but not in the tTA or TRE-Cal single transgenic animals ( Fig. 1C and D) . For example, robust calcyon transgene expression was detected in hippocampus ( Fig. 1C and  D) , prefrontal cortex, amygdala and striatum (Fig. 2) .
Behavioral analyses of the Cal OE mice
We subjected male Cal OE mice (n = 12-13) and tTA control littermates (n = 10), 3-4 months old, to a battery of tests for anxiety and exploratory activity, to investigate the effects of cal- cyon gene up-regulation on behavior. The same cohorts of mice were used in all experiments. Neither cohort exhibited gross motor problems. However, the performance of the Cal OE mice significantly differed from that of the tTA mice on a variety of measures, many of which are consistent with reduced anxiety, hyperactivity, impulsivity, or impaired restraint.
Exploratory locomotion including horizontal movement, rearing and stereotypy were assessed in an open field. Cal OE mice showed greater total distance traveled and greater exploration of the center of the open field (p < 0.05 for both comparisons, Fig. 3A) . Although the Cal OE mice displayed higher exploratory activity measured by horizontal photobeam breaks (Fig. 3B) , a repeated measures ANOVA across 5 min time bins demonstrated only a trend for genotype (F(1, 21) = 2.9, p = 0.10). In addition, the Cal OE and tTA mice did not differ with respect to stereotypic movement, rearing or sniffing activity (data not shown). These results suggest that the trend in increased exploratory activity is likely due to decreased anxiety. The higher number of beam breaks by the Cal OE mice in each 5 min bin in the open field test potentially also includes a response to novelty. However, if the hyperactivity detected were solely triggered by novelty, one might expect to see significant differences in the beam break data especially in the initial time periods after introduction into the test environment. This would seem not to be the case since the differences in the first two bins (the 0-5 and 5-10 min time periods) are not significant (by t-tests), and only are in the 10-15 min bin (shown in Fig. 3B ). Interestingly, no differences between genotypes were detected in habituation over time (repeated measures ANOVA, main effect F(5, 105) = 19.49, p < 0.0001; interaction between genotype and locomotion was not significant, p = 0.16), suggesting that Cal OE mice retained some control over exploratory locomotion.
To further examine the hypothesis that Cal OE mice are less anxious than littermates, we tested all mice on two tasks that are sensitive to the degree of anxiety in rodents-the light/dark box test and the elevated plus maze. The light/dark box test detects anxiety levels in animals because it relies on the natural tendency of rodents to prefer darker environments [16] . Normal or control animals spend more time in the dark field of the test box. In contrast, animals that are less anxious or perhaps more impulsive spend more time in the open field of the test apparatus than controls. The Cal OE mice spent significantly more time in the lit side of the box than the control tTA littermates (p = 0.01, t-test), as well as significantly less time in the dark portion of the box (p < 0.01) (Fig. 4) , consistent with the hypothesis that they are less anxious. However, the latency to dark times did not differ between genotypes (p = 0.5) (data not shown).
Cal OE mice also showed a behavioral pattern consistent with reduced anxiety in the elevated plus maze, where the combination of height, luminosity and open space is assumed to induce unconditioned anxiety in the rodent [17] . Entries and time spent in the closed arm of the elevated plus maze are positively correlated with anxiety, whereas the converse is true for open arm entry and time [18] . Like open arm entry, head dipping and end exploration negatively correlate with anxiety [18, 19] , but are considered to be more 'ethologically derived' measures [19] . Compared to the tTA animals, Cal OE mice entered the open arms of the maze more frequently and explored them more extensively, as measured by time spent and distance traveled in the open arms (for all comparisons p < 0.05, Fig. 5 ). We also quantified the exploratory activity of the mice by measuring head dipping and end exploration (Fig. 5B) . The Cal OE mice tended to engage in riskier behavior than the tTA mice as indicated by the greater number of head dips (p = 0.052), and exploration of the ends of the open arms (p = 0.060) (Fig. 5B) . Compared to tTA mice, Cal OE mice also exhibited higher overall exploratory activity in the elevated plus maze as measured by the total distance traveled during the test period (Fig. 5C) . Collectively, these data suggest that Cal OE animals display reduced anxiety and/or greater activity in situations that would typically cause most animals to perceive danger.
Discussion
The Cal OE mice displayed spontaneous hyperactivity, reduced anxiety and increased exploratory activity during open field exploration, light/dark box preference and elevated plus maze testing. Hence, these studies suggest that increased expression of calcyon in forebrain potentially alters neural processes involved in the regulation of locomotor activity, anxiety and/or harm avoidance. Calcyon up-regulation was detected in mice transgenic for both the TRE-hCal and ␣CaMKII-tTA transgenes, but not in TRE-Cal mice indicating that the tTA transcriptional activator is necessary for expression of the calcyon transgene in brain. Consistent with this idea, the calcyon transgene was expressed in hippocampus, striatum, PFC and amygdala of the double transgenic mice (TRE-Cal/tTA) and was similar to other TRE transgenes driven by the ␣CamKII-tTA transgene [20, 21] . As the TRE-hCal and ␣CaMKII-tTA transgenes were both extensively backcrossed to C57Bl/6, it seems unlikely that genetic background could account for the behavioral differences between the Cal OE and tTA mice. Alternatively, the behavioral deficits detected in the Cal OE mice might have arisen as the result of a compensatory mechanism linked to over-expression of calcyon during development. Another potential explanation relates to expression of the human isoform of calcyon in mouse brain. Despite the high degree of sequence similarity between the human and rodent proteins, and their functional similarities, at least with respect to endocytosis in vitro ( [7, 22] and unpublished data), the current studies cannot formally exclude this caveat. However, the discovery of elevated endogenous calcyon gene expression in forebrain of the spontaneous hyperactive rat [23] raises the possibility that calcyon up-regulation, albeit of the human isoform, directly contributes to the behavioral abnormalities detected in the Cal OE mice.
The Cal OE mice exhibited elevated horizontal locomotor activity compared to tTA mice throughout the entire period of activity monitoring in the open field test consistent with the idea that the double transgenic Cal OE mice are innately hyperactive. The Cal OE mice also showed increased exploratory and locomotor activity in the light-dark box and elevated plus maze. Overall these behaviors seem to point to possible underlying abnormalities in movement control circuits. As such, the data also indicate that the Cal OE mice perform similarly to animal models for diseases of cognitive dysfunction such as schizophrenia and ADHD in that these models typically show increased spontaneous basal locomotor activity [24, 25] .
Hyperactivity can also result from decreased anxiety during situations that should normally be threatening. Indeed, Cal OE mice showed an overall behavioral pattern consistent with reduced anxiety on three tasks that measure anxiety induced by one or a combination of anxiogenic factors for rodents, such as light, open space and height. Cal OE mice spent more time in the center/open area of an unfamiliar environment, more time in the light part of an apparatus that had a 'safe'/dark compartment, and on the open arms on the elevated plus maze. These behaviors are also consistent with impulsivity or impaired restraint potentially resulting from reduced control over behavioral output [25] . While the data indicate motor control deficits, further studies are necessary to test whether the abnormalities might extend to executive functions such as attention or working memory.
Some explanations for hyperactivity in rodents stress deficits in prefrontal response inhibition, indicating that the vulnerable pathway might include projections from PFC to dorsal striatum. Consistent with this possibility, the calcyon transgene is expressed in PFC. However, other circuit based explanations for the hyperactive phenotype of the Cal OE mice can also be advanced based on the expression of the transgene in ventral striatum (i.e., the nucleus accumbens (NAcc)), hippocampus and the amygdala. For example, similar behaviors could result from deficits in the circuit linking NAcc to PFC, and involve alterations in the reward system. Alternatively, calcyon up-regulation in NAcc could lead to altered excitability of medium spiny neurons in NAcc, and the gating of PFC inputs by hippocampal and amygdalar projections might be abnormal [26] . This latter explanation might also account for the reduced anxiety detected in the Cal OE mice. Given the apparent activity and anxiety-related abnormalities reported here, the Cal OE transgenic mice could prove useful for better understanding the development of motor and emotional control mechanisms.
